Sequential ordering of purposeful movements includes distinct transitions between muscle contraction and relaxation.To explore cerebral activation patterns underlying such movement initiation and inhibition, we applied functional magnetic resonance imaging to test the e¡ects of (1) ballistic movement (dominated by initiation), (2) movement with stepwise interruption (dominated by inhibition) and (3) smooth movements. Right-hand movements were performed by 21 healthy participants. In the basal ganglia, ballistic movements evoked putamen activation, indicating its speci¢c contribution to initiation. Stepwise interrupted movement induced increased activation of the caudate nucleus, globus pallidus and subthalamic nucleus whereas, at the cortical level, supplementary motor area activation increased. This indicates a speci¢c basal ganglia-thalamocortical circuit involved in motor inhibition.
Introduction
With regard to the cerebral control of upper limb movement, one might distinguish at least two levels of organization. Task-related movement such as grasping, requires a high degree of visuomotor integration [1] . In contrast, the orchestration of fine-tuned muscle contractions demands a balance between agonist and antagonist muscle contractions, force estimation and sharp transitions between muscle contraction and relaxation [2] . This orchestration enables the precise onset and ending of movement. Disturbed taskrelated movement is seen particularly in the apraxias, generally associated with parietal and premotor cortex lesions [3] . In extrapyramidal movement disorders such as Parkinson's disease and dystonia, initiation and inhibition of movement is compromised [4] [5] [6] . Dysfunction of basal ganglia, prefrontal cortex and the supplementary motor area has been implicated in these diseases [7] . The distinction between task-related movement and basic commands for muscle contraction is also reflected in paradigms that are used in functional imaging studies that have addressed the functional anatomy of cerebral motor control [8] [9] [10] [11] .
In the present functional magnetic resonance imaging (fMRI) study, we sought to identify cerebral regions particularly involved in the initiation and inhibition of simple hand movements in healthy participants. To that end, we designed a paradigm that included ballistic, stepwise interrupted and smooth flexion-extension movements that were made either in the wrist or with the fingers. We hypothesized, that particularly, the supplementary motor area and basal ganglia structures are involved in the nonsmooth movement tasks. In this respect, we aimed to create a paradigm that can be used in future research on extrapyramidal movement disorders.
Methods

Participants
Twenty-one right-handed participants [age range 23-47: mean 3277 (SD), men¼11] successfully participated in this fMRI study, approved by the Institutional Review Board, Medical University South Carolina. Informed consent was based on the Helsinki Declaration. Participants were questioned about profession, hobbies and handedness [12] ; they had no history of neurological or psychiatric disease.
Behavioral task
Six right-hand movement patterns were performed, subdivided into wrist and fingers tasks. To investigate differences between initiation and inhibition of movement, our paradigm included smooth movement, ballistic movement and stepwise interruption of movement. Smooth movement had a gradual movement trajectory and served as control condition. Ballistic movement particularly involved abrupt initiation and was physiologically limited by the maximum excursions of the target joint. Stepwise interrupted movement consisted of a repeated flexionextension cycle of alternating initiation and inhibition. This condition contained four evident stopping elements.
Inhibition was extracted from stepwise interrupted movement minus the initiation task. Each movement cycle was performed within a period of 2 s.
(1) For wrist movements, the right hand was positioned in a vertical plane, thumb on top, in a flexed position. The excursion started with extension to the right followed by flexion back to the initial position. Fingers and thumb were parallel. The randomly performed tasks were: (i) a smooth movement cycle from the most distant flexed position to the most distant extended position and back, (ii) brisk movement from the flexed to the extended position, followed by a brisk return movement (wrist ballistic) and (iii) brisk movements, now with additional stops halfway the excursion, at the most extended position, halfway returning to initial flexion and at initial position (wrist stepwise).
(2) Finger movements according to this three-fold concept were made in the metacarpo-phalangeal and proximal interphalangeal joints: (i) smooth movement with flexion of the fingers towards the hand palm and back to extension, (ii) fingers ballistic and (iii) fingers stepwise. Additional flexion in proximal interphalangeal and distal phalangeal joints was allowed, however, making a fist, was not the intention. A rest condition followed each movement block.
Practise was during the screening session and just before scanning. Visual displays instructed the participant when and how to perform by an abbreviation of the task and a moving bar. Visual presentation was accomplished with an in-scanner display (Integrated Functional Imaging System, IFIS, Invivo, Orlando, Florida, USA). The start of the paradigm was triggered by the first pulse from the scanner.
Functional magnetic resonance imaging method
Participants were scanned at the Charleston Medical University of South Carolina, using a 3.0 T MR scanner with a multichannel head coil (standard SENSE coil, Philips Medical Systems, The Netherlands). T2* weighted, threedimensional functional images were acquired using principles of multislice echo planar imaging (EPI) sequence. Thirty-six slices (3 mm slice thickness) with a 64 Â 64 matrix were acquired using the following parameters: TR (as a volume in a TE; echo time) ¼ 1.8 s, TE¼30 ms, number of volumes ¼ 515; voxel size 3.5 Â 3.5 Â 3.0 mm, total scan time ¼16 min. A set of T1-weighted images (1.0 Â 1.0 Â 1.0 mm) enabled the definition of anatomical regions.
Participants were lying supine, head fixated in the head coil with foam pads. Noise was partially masked using earplugs. The tasks were performed in a fixed randomized block-design, containing 20-slice blocks with each five movements. An online-connected flexible armrest supported the arm and measured the angles of joint excursions, enabling the verification of task compliance.
Data analysis and statistical methods
The analysis was performed using FMRIB Software Library (FSL, Oxford, UK, www.fmrib.ox.ac.uk/fsl) for image realignment, normalization and statistical analysis of fMRI data. Lower level analysis was carried out using FEAT (FMRI Expert Analysis Tool) Version 5.63, part of FSL. Prestatistics processing included motion correction using MCFLIRT [13] ; nonbrain removal using BET [14] spatial smoothing using a Gaussian kernel of full-width half-minimum (FWHM) 8 mm; mean-based intensity normalization of all volumes by the same factor; highpass temporal filtering (Gaussianweighted least-squares straight line fitting, with s¼50.0 s). Time-series statistical analysis was carried out using FILM with local autocorrelation correction [15] . Z (Gaussianized T/F) statistic images were thresholded using clusters determined by Z42.3 and a (corrected) cluster significance threshold of P¼0.05 [16] . Registration to high resolution or standard images was carried out using FLIRT [17] .
Higher level analysis was carried out using FLAME (FMRIB's Local Analysis of Mixed Effects) stage 1 only (i.e. without the final MCMC-based stage) [18, 19] ; Z (Gaussianized T/F) statistic images were also thresholded using clusters determined by Z42.3 and a (corrected) cluster significance threshold of P¼0.05. Localization of (cluster) maxima was obtained by translating Montreal Neurological Institute (MNI) coordinates to Talairach coordinates in Matlab (Mathworks, Matlab and Simulink, Natrick, Massachusetts, USA).
Region of interest analysis
Because of the practical use of our paradigm in future studies on extrapyramidal disorders, we were interested particularly in effects in relative small subregions of basal ganglia and thalamus. Therefore, separate masks for both basal ganglia and thalamus were created by drawing the basal ganglia and thalamus manually in a three-dimensional binary volume of interest, following the hypointense regions and rendered on the MNI template, using MRIcro Software (C. Rorden, University of South Carolina, Columbia, USA). These prethreshold masks constrained our search for activation in basal ganglia and thalamus, and reduced the number of voxels tested that made multiple-comparison correction less stringent. Only voxels containing zero in the mask images would be zeroed in this process. After masking, a normal threshold procedure was maintained with a P¼0.05 (uncorrected) voxel level (FSL).
Results
Smooth, ballistic and stepwise inhibition: whole brain analyses Contrasting each of the six movement conditions to rest, resulted in the activation of hand-associated circuitry, including the contralateral sensorimotor cortex, extending into the (dorsal) premotor cortex. In the contrast 'smooth versus ballistic movement' and in 'stepwise versus ballistic', the sensorimotor cortex showed significantly increased activation. Additional activation was more obvious in the contrast that extracted inhibition, that is 'stepwise versus ballistic'. Comparisons between the three types of movements showed subtle differences when made either by the fingers or by the wrist. As we were interested particularly in the general aspects of initiation and inhibition, finger and wrist movements were not further distinguished and treated as a single group in the following analysis. To isolate initiation in movement, ballistic movement was contrasted to smooth movement. This resulted in activation (1) of left anterior insula and frontal operculum, (2) of the left dorsolateral prefrontal cortex (i.e. the anterior junction of the premotor cortex), (3) along the intraparietal sulcus and (4) along the superior temporal sulcus, bilaterally. 'Ballistic versus stepwise' showed similar activation in the insula and frontal operculum, bilaterally, and anteriorly along the right intraparietal sulcus. Unique for the ballistic movement was the activation of the insula and frontal operculum. Unique cortical areas related to inhibition, identified by comparing stepwise interrupted movement to the other tasks, were supplementary motor area ('step-wise versus ballistic') and presupplementary motor area ('stepwise versus smooth') ( Figs 1 and 2) .
Basal ganglia
Using the basal ganglia mask, all conditions versus rest activated bilateral putamen and globus pallidus. Unique for ballistic movement, compared with smooth and stepwise interruption was the strong contralateral (left) putamen activation. In the opposite contrast, 'stepwise versus ballistic', the caudate nucleus and globus pallidus were activated. During 'stepwise versus smooth' left putamen was also activated, but less robust than the result of comparing ballistic with smooth movement (Figs 1 and 2) .
Thalamus
All conditions versus rest activated the thalamus bilaterally, masked with a thalamus volume of interest. Ballistic movement had only minor effects when contrasted to the other movement conditions: posterior thalamus activation was seen in comparison with smooth movement, whereas the comparison with stepwise interruption did not result in a significant effect. The contrast 'stepwise versus smooth' resulted in a robust activation of the location that best fits the subthalamic nucleus, bilaterally, together with left medial thalamus activation. The subthalamic nucleus activation was also seen after contrasting 'stepwise versus ballistic', although restricted to the left side. Thus, activation of the subthalamic nucleus was only seen in the stepwise interrupted movement (Figs 1 and 2) .
Discussion
With the employed paradigm we aimed to challenge selectively the cerebral organization of movement initiation and movement inhibition, with a particular focus on the role of the basal ganglia and supplementary motor area in the nonsmooth movement tasks [20] [21] [22] . The basal ganglia play a crucial role in the initiation and execution of voluntary movements as well as in the inhibition of competing movements [20] . The supplementary motor area is involved particularly in motor planning and timing, which implies a more complicated orchestration of initiation and inhibition [21] . Fig. 1 Scheme of the contrasted conditions (combination of wrist and ¢ngers). Relation between the three movement conditions and the areas that were signi¢cantly activated during the di¡erent contrasts. The arrows point out in which direction the contrasts are to be read (e.g.'ballisticstepwise'¼'ballistic versus stepwise'). The cross signs indicate areas that were more activated during that movement, regarding the adjacent contrast (ctx ¼ cortex; M. I.¼primary motor area).
Whole brain analysis
Basal ganglia mask Thalamus mask .Clusters of activity are rendered on the MNI template displayed on transversal sections (left side is right, marked 'R'). For the whole brain analysis, data were thresholded at Po0.05, cluster level corrected. The x, y, z coordinates show the relationship (mm) to the middle of the anterior commissure. Threshold for the masked images was Po0.05, uncorrected voxel level. Here, only the 'z' coordinate is shown to indicate the position of the transversal plane relative to the AC^PC plane. The numbers correspond to the following activated cerebral regions. Whole brain analysis: 1¼dorsolateral prefrontal cortex (ctx)/junction anterior premotor ctx: À46, 2, 42/55, 21, 23 mm; 2¼frontal operculum, anterior insula: 32, 21, À3 mm: À20, 45, 5 mm; 3¼intraparietal sulcus: 36, À60, 47 mm; 3a¼ anterior intraparietal sulcus: 53, À52, 47 mm; 4¼superior temporal sulcus: 65, À58, 14 mm; 5¼(pre) supplementary motor area: 16, À6, 65/À6, 9, 70 mm; 6¼anterior premotor ctx: À44, À2, 46 mm; 7¼ anterior cingulate ctx: À4, 53, 8 mm; 8¼supplementary motor area; À26, À22, 62 mm; 9¼primary motor area: À42, À11, 54. Basal ganglia mask: 1 ¼ putamen (z¼0/8 mm); 2¼caudate nucleus (4 mm); 3¼globus pallidus (À4 mm). Thalamus mask:1 ¼ subthalamic nucleus (z¼À8 mm); 2 ¼ anterior thalamus (4 mm); 3¼posterior thalamus (4 mm). Consistent with our hypothesis, we found less cortical activation during ballistic movements, whereas putamen activation was strong. The primary motor area was active particularly in the nonballistic conditions. This dominance of striatal involvement together with a limited motor cortex contribution support the characteristics of an initiation task. Ballistic movement is characterized particularly by the initiation of movement, without prominent regulation during the successive movement excursion, whereas the ending of movement is caused by restrictions of the involved joint. This explains why the sensorimotor cortex activation is strong, particularly in the opposite conditions. Indeed, both smooth and stepwise interrupted movement demand an increased regulation of efficient motor commands during excursion over the joint. The use of more muscles and prolonged contractions is thus reflected by increased activation of the primary motor cortex and adjacent premotor and sensory cortical regions. Complementary to these movement-related cortical activations, the strong putamen activation contralateral to the ballistic movement points at relative simple features of this movement pattern: a brisk contraction of a few muscle groups with maximal relaxation of their antagonists.
During stepwise interrupted movements, the premotor cortex and supplementary motor area were significantly more active than in the other conditions, from which we infer their particular involvement in inhibition. In the basal ganglia, stepwise movement exhibited the unique feature of subthalamic nucleus and globus pallidus activation. The latter indicates a contribution to muscle relaxation [23] , whereas functional cooperation of globus pallidus and subthalamic nucleus fits existing concepts [24] .
Only few prior imaging studies have addressed initiation and inhibition of movements. Ipsilateral inferior frontal cortex, subthalamic nucleus and supplementary motor area have been implicated in response inhibition by using a stop task [2] . The right inferior frontal cortex was thought to excite the subthalamic nucleus by which it suppresses the basal ganglia thalamo-cortical output. Supplementary motor area involvement in inhibition has further been concluded from rhythm paradigms [25] .
The background of this study was focused on extrapyramidal disorders as Parkinson's disease and dystonia, in which initiation and inhibition are compromised [4] [5] [6] . On the basis of our results, we recommend using an inhibition/ initiation paradigm as described in this study to investigate these disorders.
Conclusion
Complex alternation of initiation and inhibition involves (pre) supplementary motor area, premotor and sensory cortical regions, whereas 'simple initiation' requires more involvement of the putamen. Conflict of interest: none.
